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DESIGN CHARTS FOR CROSS-FLOW TUBULAR INTERCOOLERS
CHARQE-ACROSS-TUBE TIiPE
By J. George Reuter and Micheael ¥. Valerino

SUMMARY

On the hasis of ourrent heat-transfer theory, equations are
presented relating the various dimensions, the air massflow, and
the performance of & oross-flow tubular intercooler in vhich the
charge flows across and the cooling alr through the tubes. Based
on these equations, design charts are presented from which the
intercoocler design characteristices and the Intercooler pexrformance
can Le quickly determined.

A unit vas tested consisting of six staggered tanks, each con-
8lsting of 28 phosplhor-bronge tubes having a length of 8 inches,
an outer dlameter of 0.313 inch, and a wall thickmess of 0.00€
inch, Tho spacing between the tubes was (.012 inch, The perform-
ance obtained with this test wnlt closely checked the caloulated
performance and indlicated that intercoolers of the annular type
having a relatively amall nwmler of tube banks may Le bLoth practia-
oables and efficlent without the addition ot exceamsive weight or
volume tc alrcraft-englne supercharger installations.

The pori rmance of a cross-{low tubular intercooler is shown
to be p:a-~tlically indepondent of tie fuel-alr ratio of the engine
ciarge at a charge outlet temperature of 140° F,

INTRODUCTION

Among the various devices fror increasing the power of the
alrcrat engine, the Intercooler lLolds & prcminent place, Its
usefulness is twof:1d: (1) Cooling the engine charge increases
1ts density and hence the charge energ,; and (2), decreasing tae
charge temperature nermits highor manifold prossures withcut the
occurrence of knock, The intercoolor demands, hicwever, a cexrtaln
amount of power exponditure owlng to its resistance to the flow
of cooling and charge alr and to thc power regquired to transport
1t. In ordor to kave a large net powsr gain duos to the inter-
cooler, the des:gn must be such that the welght end the resistance
to ailr flow are small and the temperaturc drop of the chargu alr
(or gascline-air mixture) 1s large. This dosign problem involves
& number of variables such as tho tube length-diameter ratio, the




tube spacing, the number and the arrangement of the tubes, the
pressure drops through the intercocler, the alr mass flow, and
the intercooler welght.

No attempt seems to have been made to correlate all these

" variables wlth intercooler performance in such a mannsr asg Lo be
of direct asslatance to the designer. A conslderable amount of
informatlion is available concerning the phenomerna attending the
flow of air through and across metal tubes., Thls informatilon
may be used to predlct the performance of ¢onvertlopal tubular
intercoclers in terms of thoe varlous design factors, It ls the
purpcse of thls paper to present a method based on currsnt hect«
transfer theory by vhich zuch predictlons can readily be made,
This method is supported by test resultes obteined from a labora-
tory Intercooler test unlt heving a cormparatively amall rumboer
of tube banks and clceely spaced tubes,

The tests and the annlyeis were mada from October 1939 to
June 1940 at the Langley lMemorlal Aercnautical Laboratory.

APPARATUS fTD METHODS

Flgure 1 1s a phctograph of the tes’ assembly used in the
Inveatigation. The test equipment ccneists essentially of a cen-
trifugal blower drilven by a 30-horsepcwor direct-current motor,
an intercocler test unit, an eloctric air heater, a carburetor,
and varicue moasuring instriments. The blower is capable of mov-
ing 5500 cubic feet cf air per minute against a pressure of 40
Irchos of water, Ae the dlagrammatic skotch in figure 2 shows,
1he ccoling air snrd tho hoatod charge air (or gasolins-alr mixture)
were drawn thrc gh and across tho intercooler tubes, respectivoly,
by this blower, the rolative quantitios teing controlled by valves
as shown 1n the fizure. In & large portion of the tests, air alome
vas dravn acrcss the intorcoolor tubes. £ fow runs woere made in
vhich predetermined guantities of gasoline were introduced into
this air strocm to produco various fuel-air ratioa. The air or
the gasoline-alr mixture that was cooled will be referred to as
the "charge." The gasoline was iniroduced into the hoated nir
stroam by means of a carburotor, and a Rotaueter was used to mea-
suro its rato of flow. (See fig., 2.)

The chargo air was hoatod with an electric air heaser con-
8lpting of five units of 2500 watts each, wired so that nny number




of them could be employed. The entrance-air and the exit-alr
temperatures were measured by thermocouples placed at various
positions in the oross gectlon of the ailr or the mixture streams
so that good averages could be obtained. (Sés fig. 3.) The"
thermocouple comnections were so arranged that importent tempera-
ture differencea could be cbtained almost instantansously. The
tube=wall temperatures were measured by 34 thermocouples so placed
along vericus tubes that & good average could be obtained, (See
fig. 4.) Air mass-flow measuremen:s were made by means of orifice
plates in the alr streams 1n accordance with the procedure out-
lined by the American Soclety of Mechanical Engineers (reference 1).
Pressure data were obtained with water manometers connected to
varlous points in the system, ae shown in flgure 3, The pressure
drop cf cooling alr in the intercooler tubes was determined by
means of a 0.030-inch copper tube, which was prepared for static-
Pressure measurement and was extended through one intercooler
tube, the static pressure being taken at 1/2 inch from either

exdl of the tube, The tube was plugged at A and had static-
pressure holes at B and C. (See Plg. 3.)

The intercocler teat blcok oonsisted of 158 phosphor-bronze
tubes, which had a length of 8 inches expcsed to the chargo streanm,
an outer dlameter of 0,313 inch, and a wall thickness of 0.006
inch., (Sev figs. 3 and 4.) The tubes were arranged in six 28-
tube banks, across which the charge flowed. The tubes were sup~
ported at the ends by stalnless-steel plntes of 0.125-inch thick-
ness, the minimum distance between adjacaent tubes being 0,012
inch, The banks were staggored so that the tube centers lay on
the apexes of equilateral triangles.

Tests were made on the intercooler unlt for the purpose of
checking experimenitally the cooling effuctivenoss and tho pres-
sure drops calculated from the heat-transfer theory., The cffuct
of fuel-alr ratio of the charge wma also determined. The test
conditions covered are given in the following table:




Charge
temperatv e
] different al
Fusl-alir| ' Rate of Rate of charge flow, above T, at
ratio cooling-air Mz entrance to
low, My intercooler,
T2
(1b/soc) (1b/sec) (°F)
0 0.50 0.08, 0.12, 0,17 300
0 .60 .08, .1z, .17 300
o} .70 .08, .12, .17 300
0 .50 12 156
0 .60 A2 156 to 316
0 .70 .12 156 to 312
,050 .60 .15 2”1
.057 .60 .16 253
.0€7 .30 .15 254
.080 .50 .16 246
. 100 .50 .16 237
125 .60 .16 227
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SYMBOILS
voloocity at entrance -of tube, feot per second
veloclty before entrance of tube, feet per second
veloolty at exit of tube, feet por second
veloclty after exit of tubo, feet por socond
heat-transfer rate, Btu per socsnd

heat-transfor coefficient of cooling air, Btu per
socond per sgquare foot por

heat-transfer ccefficlent of charge, Btu por second per
square foot per °F

rate of cooling-air flow, pcunds per second
rate of charge flow, pounds per socond
distance along a tube, feet

tube length, foet

inside tube dlamcter, foot

outglde tube dismoter, feet

average tube diametor, foet [12'- (43 + dp) ]
tubo-wall thickness, foet

minimmm distance betwoon walls of adjJacent tubes, feot
(seo fig, 4(a))

number of tube banks

numbor of tubes in ocach hank
number of tubes (mn)

wolight of Intercooler tubos, pounds

cross-pectlonal area of an intercooler tube, square
foet (xd2/4)




AP

Apz

APen

AP;[‘r

8P

APey

total area of tube clearance, squars -feet (nsi)
frontal area of tube hlook, square feet

ratio of totel cross-sectlonal area of intercocler
tubes to frontel area of intercooler block

(NAy /2p)
contvacticnal-loss coefficient
acceleration of gravity, feet per second per second

specific heat of alr at constant pressure, (0.Z24 Btu
per pound per °F)

thermal condvctivity of eir, Btu per second per square
foot per °F per foot

absolute viscosilt, of alr, pounds per second-foot

total pressure drop of coclling air through the Inter-
cooler, inches of water

totel pressure drop of charge ncross the tube hanks
of the intercooler, 1lnches of wmter

preegzure drop of cooling air at tube entrance, inchos
of water

pressure drop of cooling alr due to friction in tubes,
Incles of water

pressire dop :f ccoling air due to heating in tubes,
inches of wate:

pressure drecp -f co.ling alr at tube exlt, inches of
wvaLor

power required to force cooling air through inter-
conler tuces, horsepower .

prwer required to force charge across intercooler~-tubo
bants, horsepowor

co~ling-alr temperatiroe at tube entrance, °r



cooling-alr temperature differentisl above T, at
tube exit, °F

mean tube-wall temperature differential above T, °F

charge temperature differential above T, at entrance
to intercooler,

charge temperature differential above T, at exit
of intercooler,
Ty =T
2 2ox

cooling effectiveness, -
2

standard atmospheric density at 59° F and 29.92 inches
of mercury (0,07€5 pound per cublc foot)

ccoling-air density at entrance of tubes, pound per
ciibic foolu

c-oling-air density at exit cf tubes, pounds per cubic
f-ot

aritmetic mean =f p191 and plex’ pounds per cublc
foot -

mean charge density in intercooler, pounds per cublc
fost

density of entrance cooling air rolative to standard
atmoshnere (plen/po)

mean density of charge in Intercooler relative to
standard atmosphore (pgav/po)

Unless otherwise deofined, the subscripts 1 and 2 refer

to cooling eir and charge, respectively.



ANALYSIS
Cooling Effectlvensss
At some distance x along the length of an lntercooler tube
the amount of heat per second d&H exchanged botwsen the charge
and the cocling air through en elemental iength of tube dx 1s:

4H = hp ndp dx (Tp_ = Ty) = by ndy dx (Ty - Ty) =
= A'l pl Vl (Z!p de (l)

whrore T2 is the mean temperature above T G of ctarge across
av
the tvbe ard T, 18 the tempersture nbove T, of the cooling

alr at dlstance x along tie tuba,

Also, the total healu given up by.the charge to the filrst
bank cf tubes 1s

H:D.szszO.p(Tz-Tz')=D.AlplvlC~PTl (2)

where Tp' 1s the temperature of tke charge alter the first banik
and Ty 18 the terperature of cooling air at x = 1,

Whken T, 1s eliminnted in equation (1)

; = : 3
TI - I‘zav .’-Ll OP P1 Vl \hl d‘l + ha dz)
Lot
% In d; hp dp
Ao Vi a, v, a,) = ¢© (4)
1 Cp PL V1 \q & + 83 d3
Then, when equatisn (3) 1s in‘egrated,
T, =T (1~ 6" %%) 5
x 28."7 ( )
' Ip + Ty
Because Tzav.-:- 5 equation (5) becomes




Tx =3 (Tp + Tp') (1 - &)

(6)

When equatizn (6) is substituted “In equation-(2) and when the

total length of the tube 1s consildered
sZpaap(T - T,1) =
La o ¥y o (To + Tot) (1 - 0~%F)
=251 Y1 % a2t e -°
The solution of equaticn (7) for T,' im

r -Gl
l——z-(l-e )

1+ % (1~ e"cz)

where
MV, 8

81ppVp Mom

Likewlse, after the second bnnk,

1-3(1- e
T2I| = T2|

1L+z (L - e~°?)
[ d

or, frem equaticn (8),

r -cl) 2

-=(1L -0
T," =
2 ZL +3 (- o~ %}

end sc on, until after the mt® bank, where

-CZ)" n

Tp . = T2

§ (1
+Z(1-e%

Therefore, the coollng effoctiveness is

(7)

(8)
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2n Hé

r -0l
n=T2‘Tzex=l_l-§(1-e )
T2 1+2(@-e
2
— 2 -
or 1=1- m -1 (9)
1 ~Cl |
1+ 5= ) |
i

From equation (9), 1t io seen thet the cooling effectiveness
is determined »y the maes flow of the cooling alr and the charge,
the number of tube baan, the tube length, and the quantity o,
vhich, from eauation (4 may bo sxpreassed:

w by 8 b dp

c

hecause
M
1
MW=y

For thin-wall tubing, s:ch as that used in interccolers,
the averago tuve diameter ma;” be substituted for the inglde and
the ouvtsido tube diameters, that is, d; = dp = d. The exponent

¢l 1n equation (9) may :lien be expressed as follows:

xd hl [/
wd W N Z T M, ¢
cl = L2 1P (10)
(hl+1.2) G M]. hl
L+ =
ka2

The heat-tranater coeiliclonts h; and hs may be evaluated

In terms of the intercooler dimensions, the air mass flow, and
cortaln pLysical proportios of the charge and the cooling air by
referring to the resecarch summarized in ~oferonce 2 (p. 169) in
which

h,d v.d 0.4
L _o.0225 (P2 1\ \ (11)
i Py




1,

Because 1/ for air is practically constant at 0,73,
-equation-(11).may be written_

0.8
k (pp V1)
108 q0-2

(12)

hl = 0101984

The factor k;/u;0°® shows little variation over the range

of oooling temperatwres that is usuwally encountered in intercoolers
and a constant value of Iky/j0+8 = 0.0323 at 59° F will be used.

Because p; Vp = equation (12) becomes

a2y
0.8
M, 0
i -3 My
= 0,777 X 10 —— 13
¥0.8 gl.8 (13)

If f-r tho prement the effect of the presence of fuel vapor is
neglected, tie heat-tranafes coefflcienc between the charge and the
tubes may be obtalned from the following expression given in refer-
er.ce 2 (p. 227):

0,69
/5 Vol ™y’
;2— 0,151 (-2 \ (14)

The subsceript f indicates that the physlcal properties of
the charge alr are based on a film temperature, which 1s an average
of the mean charge alr and the tube-wall temperatures.

When the factor ____E:_ is taken at a film temperature of

O
2 Mom
100° F at 0,00951 and because pp Vo = Yol equation (14) becomes

(15)

0.1246 x 1072 /Mpmi\0-69
B = d Nsl )

An investigation of the effect of the ailr temperature on the
coollng eZfectiveness showed that, when tho thermal conductivity
k and the absolute viscoslty in equation (1l1) are evaluated
at 100° F instead of 59° F and 1in equation (14) at 200° F instead
of 100° F, the difference Letween the effectivenesses is less than
1 percent which is well wlthin experlimental accuracy.
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When the values of hy; and hp, as given by equations (13)
and (15), respectively, are substituted in equation (10), there

results
0.8
1,017 x 10™2 (.‘.“E) (l)
cl = (18)

" 0.11 0.59
1 + 0.624 1\ C 5) (z\
Nd md

The applicatisn of the binomial theorem to equation (9) shows
that the variation in m as it appears expliciltly in equation (9)
has a negliglvle effect on the cooling effectliveness., The influ-
ence cf m on the coollng effectivensss ls through ita effect on
the exponent cl. The factors upcn which the coocllng effective-
ness depends, therefore, are shovn in equations (9) and (16) to be

N/M;, /4, M)/M,, and mi/s,

In order to make graphlcal representations less compllicated,
the variable N4/M;, which has & relatively small effoct on the

cooling effectlveness, may be accounted for by letting

(% )(M\o #1002 ( )

( 2SS loo.se(g)
8/ \Mi/ = 8

where the subscript eq means equlvalent,

It 18 evident from the preceding equations that, when

Na/M, = 10, (—) %) end <E‘/eq (-’E‘L) For values of Na/M;

other than 10, plots cf the preceding equatioﬂs glve the corrections
to be epplied to 1/d end mi/s to obtain K") and (m1) ,

egq 8 /oq
Equation (18) can nov ve writisn as:

0.01612 (%)

cl = o4 (17)

M.~0.69 / mgn -0.69 0,69
1+04B4<l (2—1) (é)
.




Thus equation (9) may be written

° [\8aq’ \a/eg’ ¥
Charts based on equetions (9) and (17) will be preserted to
show graphically tha effoct of the varliables lwrrolved on coeling.

effactivenoss, Ths experimental verification. of eyuxtion (9)
will be discussed later in thls report.

Pressure Drop of Cooling Alr

Entrance losmes. - One cause of the premssure drop et-the—tube
entrance ips the ccnversion of the static head into dynamic-hsad
becauso of the reduction of the flow arva, From Bermoulili's _
equation, this drop 1n prezsure e ’

Py
APen' =572z (Va = Vb°)
Becarse
My My a2 -
Yoo TRy Ta ® Ty’ 278 TAp ="~
on - en T
(4] M, \2@ :
2 i2en' = T Q - ) (1 - ) 1128)
Po C.4 0,8 \yran
Tiuere 1s also a drop in the pressure noar-the erntrance.-sttrl -

buted to the incresmse in maximum veloclty that results from +he
changs in velocity distribution along the tube diameter. . This .

drop in -Srggaure, accarding to reference 3 (p. £l1), is
] Dl

ADgp" = T 10.2 g va2! vhich may be-vritten asr

on Q,0¢ L )
A " ‘- (] (m 1
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The contraction of the alr stream immedlately after it enters
the tube causes a loss, which further reduces the pressure by

€p
1en.v 2

10,4 g &

Apeni 11

vhers ¢ 18 a function of the area ratio f. Values of ¢ were
taken from reference 2 (pp. 181-122)., This equation may be written
by eliminating Vﬁ

P1 2
en Ap try o € (ml \
o °M 10.4 pog \ra2y/

(20)

Fricticnal loas in the tubes. = The preasure drop due to fluild
fricticn Apy, 18 given vy the Fanning equation as

6,49 2 1 F
10.4 g plaw N d

vhere (from reference 2, p., 111) the friction factor is

-0.2

T = 0,049 (R) (5000 < R < 200,000)

Becruse the Reynclds number

v,d
. P, 1 i ay
ndN
Hloy Moy
e p; =120 X 1077 at 5°F,
av
O 2 .2
”mw - 0.01945 (. )()(ﬁ (21)
Po fr = 10.4 p8 \ndaN
£y (2 + B) Plq
Ir gy - Z  1s substituted in equation (21)

oo (2 +28) p,



T
where B“T—Tl'm

o

2 0.2 0.2
Plen , _ 0.01946 " (Z+- zg)- ( ml) (l) gf_) (J.) (22)
Po ¥ " 10,4p,8 \2 + B/ \mafm/ \a/\ a
If, in the calculation of the frictional loss in eguation
(22), the absolute viscosity were evaluated at 100° F instead of

at 59° F, the frictional-loss inorease would be only 1.2 percent,
whick is well within experimental acouracy,

A slight reduction in pressure in the tubes ocours because
of the veloolty increase resulting from the progressive inorease
in cooling-alr temperature when the cooling alr traverses the
length of the tube. Thls pressure decrease (by equating force
tc the rate of m~mentum change) 1s

o) v v 2 v
AI’H‘ lena(v_v)= en ° (—S-l
s.2g ° @ 5.2 g Ve

plen

I"a
To+460 /

or

T
1 N\
v, = (1+-——-)va=(1+ﬁ)va

Ty + 460
Then
Plon 8 (ml Y
Po “PH " 52 68 \ a2y (25)

Exit losses, - The preasure drop at the tube exit may be de-
rived by equating force to the rate of change 1in momentum
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It

M 3 P1

and
A fAI. ’ 1
plex F plez J ex +P

are gutptltutod in the Toiegoing equation

pl -
en 1 +8) 4 "Mi 2
o APy, = -LE—'—)-s. o \.ﬂ—ﬁ (" - f) (24)

valch is evidenily a negptive pressure drop, that is, a pressure
riso,

CWIEMN: N s W™ m WL T CT® Ll - P -

Presaure Drop of Charge

The pressure drcp of charge scross tube banks in staggered
rows, according %o reference 2 (p. 120), is

4p2 (vz ’2 mfre?e
av

5.2 (2g)

Apz =

wiiore Vo is the velocity of charge through the minimm space
botween the tubes and

~0,22
ap Y. .
f111 20,8 .( 28.7 ama.x\)
\ llgav !
Because v, = Mzm
rax TN A Py
av
and he =127 x 107 at 100° F
av

it felleows that

TR st e 1 eW  m awae » "
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' Po T 5‘;'_2 Py 8" \Nd'l.— &B d/. _

If, 1n the celculation of the fricticnal 1088 in equation
(25), the abmolute viscosity were evaluated at 200° F instead
of at 100° F, tiie frictional-loss increase would be only 2.8 per-
cent, which 1s wsll within experimental accuracy.

Intercooler De.sign Charts

An eysminaiion shows that the egquations for effectiveness
and pressure drops may be expressed as
7 M; md Na® 1
n=9 (<, -t

> ;I-Z-, =7 5 m) (see equations (9) and (16)) (28)
LY ) l K

/7 M ) 1 .\
Gy ipp = @' (-—;-, - T, By =, € ) (see equations (13) through
Na2’ a a’ (24)) (27)
. 7 Mg zd 1y
Cp AP = ¢ -, —, m, — ! (see equation (25)) (28)
N1 B /

TLe woigiit of Intercooler tubes Wy 18 wd 1 Nt py where Py
1o *I» “ule-wmll duns!ty, pounds per cublc foot. Then
Tr

ll1 '
= a = Ndl = welgit factor

ntt Py
and N8 %9-

By defiriti-m,

o fo%al tube crcss-sectionel area
- i »ntal area of lntersooler block

or
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T dla'N
f - a—
—

4 (4p + 8) -ELO.BGS (dg + 8) (m - 1) +da]

£ - . (29)
§+2% i+ 2
4 {1 4 =ree 0.866 {1 + (m-l) +{ 1 + T
[ ].-3 ]_-;E 1 -
\ ] 3

A plot of equation (29), which will be discussed later, shows
that any variation in t/d4 over the renge used iIn intercooler
practice has little effect on £, the area ratio, Accordingly,
t/d was taken at 0.02 in equation (29), mo that

f-\l/(-g-,m). (30)

It was previously stated that ¢ 18 a functicn of f and that

the expansion of egquation (9) into a series by msans of the binomial
theoren shows thet the effect of m in egquation (9) is negligible,
In expressions (28), (27), and (28) that 1/d terms have amall
exponents, 8o that these terms, for any variation in tube diameter
within the range used in alrcraft intercoclers, have little effect
on the effectlveness and the pressure drops. The principal effect
of the variatlion of tute dlameter 1g obtained through its influence
cn the 1/d and the md/s terms, For this reason the tubte diamoter
for the 1/d +*erm wes taken at an average value of 0,30 inch, The
factor B 18 Invelved in the psessure loss in the intercooler tubes
d@ue to the heating of the cooling air, which is a small portlon of
the total loss, This factor was evaluated as 0,06 in this annlysis
and should represent an average condition,

When expreasions (25), (27') , and (28) are rewritten on the
basis of the preceding discussicn,

My md N
n o=y 'é: E}: G 'aig (31)
1 M
Oy Apy =" (_’?_, 5 1, &_: (32)
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cz A'pa =\Lt"” :, -;-, m e (33)

The terms in expressions (51), (32), end (33) are the basic
variables considercd in the constructiom of the design charts, -
Inspection of expression (33) shows that, for an assumed value
of .0g Apy and m, the value of ml/s and hence f (expres-

sion (30)) is determined by Mz/a. "From e'::plr_esa:l:on (32) 1t may -
be Been that for a given value of Mp/a, £, and Oy Ap; the
vaive of 1/d detormines M/M,. Thus all the terms upon whiok
n depends (exprossion (31)) have Leen évaluated.

The power —equired to force coolirg alr through the intercooler

is
P, = ——eee————
L 550 p
1e.v
or
n
luv -ll _ (-Ml—\j 5.2 o] A‘Dl
b, ¥~ \K) T
But
o}
l,w o ’2 + B \
Py 1 Kz + ZB/
then

012 Py 2+ 28\ M 5.2 0 Apy
M, Kz + B M, 550 Po
or, when the powor 1s oxpressed as s pevrcentage of the engine brake

horsepower for a fuel-alr ratlo of 0.08 and a specific fuel consiump-
tlon of 0.5 pound per brake horsopcwer per hour.

(34)

012 P1 x 100 100 12 PJ\ 5
brake horsepower ~.576 My ) (35)
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Likewlse, the power required to foroe the charge across tie
staggered-tube banks of the Iintersooler may bg expressed as:

2
Op Pp 5.2 0p App

“Hy T 550 p,

anil for a fuel-alr ratlo of 0,03 and a specific fuel consumption
of 0.50 po.nd per brake horsepcver hour as:

czz B, (100) 100 1622 72\

= L , (38)
breke hoisepcwer E£76 \ Mp

The dimensions c¢f thls type of intercooler may be expressed
ag follows:

The dimension of the block in the direction of charge Tlow
is

1, = 0.836 (dp +8) (m - 1) + dy (37)

The widtk of tlie block is

v =3 (8, + 8) (33)

The volume of the block thorefoie 1is

v=11lgW (39)

because 1 1s the dimension 1n the dlrection of cooling-alr flow,

RESULTS AND DISCUSSION
Test Results

vigure 5(a) slhows the effect of mass flow of cooling air and
charme on tho ¢ oling effectiveness of the Intercooler test unit
ghovn 1in figu-~es 3 and 4, The curres were computed from equation
(9); the deslgnated points ropresent the experimental values,
Tests were made for varlous values of .charge inlet temperature,
but no differences in cooling effectliveness were obtalned beyond
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the 1limits of experimental error. The results of the variation

of cocling effectiveness witli charge inlet temperature are shown

in figure 5(b). Figure 5(c) shows the results obtained by flowing
gasoline-alr mirtures across the intercooler unit instead of air
alone, The small effact of fuel-alr ratlo on cooling effectiveness
may be noted, The temperature of the charge leaving the lnteroocoler
was approximately 140° F in the tests in which the fusl-air ratio
vas variled. . )

The pressure drop susteinsd by a given mass flow of gasoline-
eir mixture across the intercooler unit was slightly less than the
pressure drop for an equal mass flow of alr, This phenamenon is
an indication that fuel 4id not colleot on the Intercooler tubes
because an increased pressure drop would be expected 1f the tube
spaces were clogged wlth condensed gasollne. The absence of an
increased pressure drop cannot, however, be taken as a definite
indication of the lack of condensatlon because of the posaibility
that the high charge veloclty may prevent any acoumulation of gaso-
line on the tube walls, Inspection of the tube block after runs
shoved no evidence of 1llquid gasoline about the intercooler, and
it 1s believoed that no condonsatlon occurred. At low charge tem=-
peratures appreciable condensation might ocour,

Flgure 6 showa the pressure drop of charge alr across tho
Intercozler test uni* as a function o™ tle rate of charge flow.
The computed curve is basod on cquaticn (25) and the experimental
curve is drawn though the test points.

Figure 7 siows tiie sevoral pressure changes in the cooling
alr when it passes throvgh the intercooler wnit as a whole. The
solid 1ines Joln the valuss computed by means of equations (18),
(19), (e0), (22), (23), and (24); tho indicated points denote
test values. As o whole, good agreement betwoen tho computed
and the experimental data is shown.

Flgure 8, which is based on equations (9) and (17), shows
that n increases with M,/M,, ('L/d)eq, and (md/s)  at a
rate that diminishes as these variables increase, The effeot
of /4 end md/e on n 48 nearly the samo as that of ('l/d)eq
and (md/s)eq. The corrections to be applied to 1/d and mi/s
to obtain (z/d)m1 and (md./s)oq aro plotted in figure 9 as
functions of Nd/Ml. Equatlions presented earlier in this report

Indicate that an inoremso in either 1/d or md/s 1m acoompanied
by ean increaso in pressure drop s olther through or across the
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inteircooler, 'I'hérefore, an attempt to attaln higher cooling ei-
fectivenesses by increasing 1/d or md/e 18 curbed by reason-
able 1limits ol pressuro diop. 3

The equations relating the pressure drop of cooling alr and
charge to various design Tactors are plotied in-figures 10 and
11, respectively., TIigure 12 shows the variation or the area ratlo
f with s/d, t/@, and m (from equation (29)). The contracticnal-
loss coefficlent ¢ wused ln calculating a part of the cooling-air
entmnc;: lossen is rcplotted in figure 13 (from reference 2, pp.
121-122). .

. Inverdonler Design

Figures 8 tc 12 are cimbersome for the Inbtercooler deslgnei”
tc use. MAnc purpcse of this repert is, therefore, voO prosent *io
deslgn information in such fowm (figs. 14, 17, and 16) es to radrce

the complexities cf design to a mlnimmw. In crder to make these
" simplificatirns, it has buen nccassary to maite certain approxinma-
tions that, t: a designer, shorld ve inapprociable, since tno nup-
proximntions will not Introdace erycis outsido tle region of
experinertal ascaracy. These approximntions have buven diucuassed
In tho pretlion of the analysls dovoied to the developaenl of the
ocquations upon which figuros 14, 15, and 1¢ are btasad. Figure 14
is vased cn the arrangement otf' five banks of tubes. Tho oexcassive
block width neceseitated hv such a mmall number of banks is gsuli-
able only for the annular bGype of interceolev installalion, which
will be discussed later. Iigure 15, based on 30 tube dbanks, may
be usod for more compacti typea of interccoler btlock, Coollng
offectivonces for a number of Tunks between 5 and 30 may “o ob-
suired Dy linozr ihterpolation between Tlgures 14 and 1S5 without
approaiabls cior. Figures 14 and 15 stow the cocling effectivo-
neas plotted agalngt the factor Hd'l./'Mz , W¥hich ls an index of

tho heat-transfe:r surface ard alsc of the tubo weig}it Tor any
parvicrlar engins powor, Rach plot is made for congtunt values

of O; Apy amd m, Dut tho valuos of 1/d and M1/M2 very.

All the plots aro made for' a comstant valuo of Op App (10 in,

of wa*er), but tio cooling effectiveness for othur values of

Op 4Dy may ve Tound by applying corrections that are given in
Tigwre 16(:1), in which tho cooling-offectlvenoea correction is
plottod egalnst I, Ap, for differont values of 1/d and

01 4p;. The method of meking auch corroctionms will be 11)ustrated
lat.or 1In Lhis reporl, n Tigiwwres 14 and 15 the incrense In cooling
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effectivenesa with cooling surface 1s to be expected., Further-
more, with constant tube surface the cooling decreases as 1/d
becomes larger when the pressure drops through and across the

intercocler are comstant. -If M;/M», .aa well.as the pressure

diops, is constant, however, the cooling effectiveness increases -
with Z/d but nnly at the cost of 1lnoreased coolling area
thus at the cost of lncreased tube welght.

The tables at the top of figures 14 and 15 show the power
expenditures involved in the operation of an intercooler. The
maximum dreg involved in forcing cooling air through the tubes
is shown to be a little over 1 percent of the engine-breake horse-
power. These tables and figure 15(b) also indicate that the power
required cf the supercharger to force the charge across the tubes
is less than 0.5 percent of the engine brake horasepower, Fram
thls fact 1t appears that the power expenditure of a properly de-
8igned Ilntercooler, aside from that roquired for transportation,
may be secondary in Importance to welght and size in meny casss,

The abscissa scale on the design charts (figs. 14 and 15)
has beon converted for a speclal casc into another scele, namely,
the intercooler-tube weight, pounds per englne brake horsepower.
This conversion was made for an enginc fuel-alr ratio of 0,080,
a specific fuel consumption of 0.5 pound per brake horsepower=
hour, and for steel tubes with a wall thickness of 0.003 inch
ard a denslty of 0,284 pourd per cubic inch by multiplying

Na1l /M2 by

- 7
[x (12.5) (0.008) (0.5) (0.284)] L(ssggie(lz)_l

-~

the expression L—]igs—

(3600) (12)
All values occurring in the tables at the top of figures 14 and
15 vhere brake horsepower 18 involved are likewise based cn a
fuel-alr ~atlo of 0,080 and a apecific fuel consumption of 0,5
pound per brake horsepowe.-hour,

being a unit conversion factor,

The power for forcing the charge through the intercooler
is probebly of greater importance than that required to force
the cooling alr because of the reduction in maximum engine power
vith decreased intercooler discharge presswre., This roduction
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in maximum engine power may be estimated for a glven temperature
drop of the charge by assuming the englne power to vary directly
with the manifold pressure, The relative importence of these
power losses and of those due to Intercoolsr welght and size de~
pends on the design and the speed of the alrplane. It was theore-
fore conasidered advisable to make this Information readily avall-
able to the designer (figs. 14, 15, and 16) rather than to pre-
gent optimum deelgns or a method of obtalning optimum designs
based on some ertificlal figure of merit, An additional factor
of Importance 1s the external drag of the cooling-alr inlet, This
drag can vary from almost zero to several times the cooling-alr
drag, depending on the inlet locations,

Tllustrations of the Use of
the Intercooler Design Charts
A procedure that may be followed 1n using the intercooler
design charts 1s shown by means of several examples. Let 1t be
supposed that an intercooler ls to be designed for the following
set of condltions,

Case I (mea level)

Engine characteristics:

(L) Brake horBeDOWOTr . & & ¢ o ¢ o ¢ o o « » o « 1000
(2) Specific frel conswmption, pounds per

brake horsepower per hour . . . ., . . . . 0.50
(3) Fuel-air I‘a.'bio e ® & » 5 B B 9 ° B2 » 6 o o = 0-080

Desired intercooler dimensions:
(4) Length of tube I, 86t « v v « o & « o & & 5/6
(s) Averago dlameter of tube 4, feet ., , . . . 1/48

(6) Number of tube DankB M .+ & & o v o « o o o

[92]

(7) Tube-wall thickness t, feet (steel
den.sity, 450 lb/cu ft) ® o o o 9 e o 8 s 0.0005
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Intercooler limitationss

(8) Cooling-air pressure drop. Ap;, . )
mchesmterlll'...lllll.ll.ll 0.0

(9) Charge pressure drop App, 1inches water . . . . 10.0

(10) TRelative density of ccoling alr O « + » « » » 1.0

(11) Relative density of charge Op . » ¢ « o o » » » 1.0
Desired interco-ler performance:

(12) Cooling effectiveness n, percent . . . ¢ « s » 75

It 18 desired to find the following characteristlicas of the
intercooler:

Number of tubes N
Tube spacing s

Welght of Intercooler tubes VW, and dimensiong of lIntor-
cooler block

Power vrequired to force cooling air through the Intercocler
P
1

Power required to force charzo aocross the tube bankas of the
intercooler Pg

Welght of cooling alr handled by the intercooler M;

From items (8) anl (8) to (11) it is soen that m = 5,
O18py = € inches of water, and O,Ap, = 10 inches of water.

Figure 14 (c) applies for thls case.

(13) From items (1), (2), and (3)

. 1000 X 0.5
0.08 X 3500

Yo

= 1,736 pourds pe:' second

(14) From items (4) ard (5)

1554
d

1/48
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(15) If figure 14(c) and items (12) and (14) are used

Fal _ oo e
and
(16) ;1 = 4.6
L

from which the coollng-alr welght M; 1s 8,0 pounds per second,
(17) If figure 1ll(a) and item (15) are used

md
(18) Number of tubes

g ltem (15) x Mz _ (22,5) (1.756) _ oo

N1 -
1d (5/8) (1/48)
(18) Tube spacing
(5) 2%
g = - 48 0.000592 foot = 0.007L inch

item (17) 176

(20a) Weight of interccoler tubes is item (7) X item (13) %
item (1%) X npy = (0.0005) (1.736) (22.5) (0.284)

(1L728r) = 30.1 pounds

(20b) Dimension ~f intorcooler block in direction of charge
flew from equation (37) and items (5), (6), (7),
and (19) 1is 0,666 (0.0213 + 0.000592) (5 - 1) +
0.0813 = 0.0972 foot or 1.17 inches

(20c) Width of intercooler block from equation (38) and
items (5), (6), (7), (18), and (19) is

3%?9 (0.021% + 0.000592) = 9.86 feet
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(204) Volume of intercooler block from equation (39) and
item (4) is therefore

-g- % 0.0972 X 9.86 = 0,800 cublc foot

or 1382 ocublo ‘inches

(This arrangement im suitable for intercoolers of the annular
type. The dlameter of the annulus would be approximately 9.86/3,142 =
5.1 £t.) .

(21) From tablea at top of figure l4(c) and 1tem (16)
2

1P,

Mp

charge flow

= 3,51 horaepower per pound per second of

0221’2

(22) Also, = 1,24 hocrsepowver per pound per second
of charge flow
(23) Ccoling power

1tem (21) X M,

O3

= 6,10 horsepower

(24) Power to force the charge through the intercooler

ttem (22) x M,
Pz =y
2
02

= 2.14 horsepower

(For oonvenience fig. l4(c) also gives items (20), (23), and
(24) as percentages of the brake horsepover baged on a apecific
fuel consumption of 0.50 pound per brake horsepower-hour and a
fuel-air ratio of 0.080,)

Case II (13,000 ft)

The deslgn of an 1ntercooler for an altitvde of 13,000 feet
for the same engine oonditions, cooling effectiveness, tube di-
mensions, and limitations as in case I, .
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From a table of standard altitudes ¢; = 0.671, so that
the value of OjAp; 1s now 0,671 X §, which equals 4.0 inches

of water. Figure 14(b) is therefore useﬂ Items (13) and (14)
of cage I also apply here.

(25) If figure 14(b) and items (12) and (14) are used

N1 _ 065

Mp

(26) My
My

from which the welght flow of the cooling air

= 4,3

M} = 7.5 pounds per second

(27) If flgure 11(a) and itom (25) are used

md
—s-=202

(28) Number of tubes
item (25) X M, (26.5) (1.736)

N = = = 265

11 (5) (1/48)

(29) Tube spacing

md

A & —————— oy . = . 5
Ttom (27) 0.000514 foot 0.0052 1inch

(30) Weigkt of intercooler tubes 1s:

item (7) x item (13) x 1tem (27) % TPy,
(0.0005) (1.733) (26.%) (0.284) (1726r)
35.5 pounds,

(31) From teblea at top of Tigure 14(b) and i1tem (25)
0,2,

%

charge flow

= 2.18 horsepower per pound per second of
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(32) Also,
o p

—EEEE = 1,24 horsepower per pound per second of

charge flow

item (31) X M,
(33) P, = = 8.42 horsepower
1 0'12 . )

item (32) X M,

2
Oz

(34) P2 = = 2,14 horsepower

(If the performance of an intercooler having 30 banks of
tubes 1a desired, fig. 15 1s used. For other numbers of banks,
linear interpolation between figs, 14 and 15 1s sufficlently
accurate., The value of md/s for a number of banks other than
five 1s found bs multiplying the value in fig. 11(a) by the ratio
glven in fig., 11(t).)

Case III (sea level)

The ef'fect on intercooler dimensions andl performance of a
change i p essre d:op of thc charge (GEApa) fram 10 Iinches

of water (f-r which iizs. 14 end 15 have been drawn) to another
value 1s 1llustrated by the followlng case,

Suppose that in case I the charge pressure drop Ap,

(item (9)) 18 increased to 15 inches of water and that the other
intergooler limltatlons, the deslred intercooler dimensions in-
cluding N, and the englne charactcristics remain the same. It
is desired to find the effect of thls increase of Ap, on the

coolling effeotiveness and the characteristics of the Ilntercoolor,

(35) ©OpApp, = 15 inches of water

(36) Figure 16(a) gives tne percentage to be added alge-
bralcally to the cooling effectiveness given by figure l4(c)
for OpApy = 10 inches of wator. In figure 16(a) for 1/d = 40,

014p) = 6 inchea of water, apd OgAps = 15 inches of water, the

correction ls 2 percent. In case I the effectivensss was 75 per-
cont, so that tho new effectiveness 1s 75 + 2 = 77 percent.



(37) From figure 16(b) the power required to force the
charge through the intercooler increases to 3,21 horsepower.

(38) Nd1/Mp and the tube weight remain the same.
(39) M;/M, remains the same,

(40) From figure 11(a) for OpApp = 15 inches of water
apd 1tem (38), %? « 215, -

(41) Trom item (40) and the constant values of m and
d the tube sparing s = 0,005882 inch,

(42) Because cf the closer Lube spacing, the entrance-exit
loss of the ccoling air decreases slightly, so that M; actual-
1y increases., The changes in M; over the range of OpApp
covered in figure 16 aie negligidle, however, go that M; and
thus the power required to force the cooling alr through the
Interccoler remalng substantially constant,

Case IV (pea level)

For the purpose of illustrating the use of figures 8, 9,
and 10 and of checking the results obtalned from the inter-
cooler design charts (figs. 11, 14, and 15), let it be desired
to check the cooling effectiveness n and the pressure drops
Ap; and App, of the intercooler having the same physical
dimensions and the same rate of cooling elr and charge flow
as in ocase I,

From case I the Interocoler physical dimensions are:

Ttem (4), 1 = 5/6 foot

Ttem (5), & = 1/48 foot

Item (6), m = 5 banks of tubes

Ttem (7), t = 0.0005 foot

Ttem (18), N = 2250 tubea

0.000592 foot

Ttem (19), s
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Algo the charge and cooling-air mass flow are
Ttem (13), M, = 1.756 pounds per second
" Ttem (18}, Ml = 8,0 pourds -pei- second
(435) From items (5), (16), and (18)

4 . 4 X 8.0 - 10.8
na*N % X (ﬁ)z X 2250
(44) TIf figure 12 and items (5), (6), (7), and (19) are
used
f =0.76

(45) If figure 10(a) and items (43), (44), and an average
B cf 0.05 are used

0 (Apgy + ADgy) = 1.00 inch of water

(46) From items (5), (16), end (18)

(47) Then from figure (9) and iteme (4), (5), and (486)

(%'-\ = 40 X 0.90 = 36
/oq

(48) From figure 10(b) ard items (43), (47), and an average
B = 0.086

GlApfr = 4,70 inches of water

(49) From figure 10(c) and item (43) and an average B of
0,06

GlApE = 0,50 Inch of water

(50) The total cooling-air pressure drop obtained by adding
items (45), (48), and (49) is:
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0,4p; = 6.2 inches of water, as compared with 6.0

inches water used in case I.

(51) The value of Ap, will, of course, check because 1t

is taken from the same graph (fig, 11) for the same values of
Ndi/Mp; and md/s.

(52) From items (13). and (16)

M
]
i, = &

(53) With the use of figure 9 and items (5), (8), (19),

and (46)
(?E;> - 146
® Joq

(54) If 1tems (52) and (53) are used and interpolation is
is made uetween Figures 8(a) and 8(b) for (l/d)eq = 36 (item
(41)), then, 7 = 75.7 percent as compared with 1 = 75 percent
in case I.

Annular Intercoolsr

A t7pical annular intercooler se*-up is shown in Tigure 17,
The Intercooler forms a torold around the supercharger directly
beliind the engine cylinders, The englne charge iflows radially
outward {rom tile svpercharger through a suitatle number of pag-
sages to the annular chamber, from wherc 1t flows across a emall
number of closely spaced tube banks. The charge then flows from
the annular chamver into & suitabls numi:er cof ducts lsading to
the cylinder intakes. In flight, one portion cf the cocling air
entering the cowling 1s deflected by bat'fles around the cylinder
fins for englne cocling and another portlcn 1s defloected into
the cpenings between the cylinders., This cooling ailr Flows into
the annular opening and thrrough the tubes where it picks up the
heat of the charge, It is thon dlscha»ged into the compartment
behind ihe engine, from where 1t flowa through the cowling exit,
together with the engine ccoling alr,

A comparison of figures 14(c) ard 15(c) shows that, for
given conditlons of pressure drop and mass flow, the coollng
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effectiveness is inoreased by reducing the number of tube banks.
An example of such a comparison 1s given in the followlng table,
to be used’with-figures 14(0).and 15(c):

Ma o == e om o

Number of banks 5 30
0,4py, inches of water € 6
O.Ap,, lnchos cf water 10 10
My /¥ ] e 4
1/a 40 40
Nd1/M, 20.3 22,5
n, percent 71 66

If 4, 1, and M; romain constant while the number of
tube banks 18 bYeing changed from 5 to 30, the number of tubes
and honce the tube welght must bs lncreased in the ratio of
22,5/20.3, as the table shows, At the same time, the cooling
e:fectiveness 1s rcduced from 71 tc €6 percent, as niaown. Thus,
it is seen that the intercooler cf the annular type, which in
most cases would require a comperatively small number of banks,
is sllghtly advantagoous over types having o large number of oanks
because of tre increnmed cooling oifectivencas as well as the reduced
tube weight, Also, tliv annular inlercooler recelves its cooling alr
from within the covling and requires nc external al: scoop, which
would requirc an addiiicnel expenditurs of power i:ecause of 1its
drag.

CONCI.UDTNG REMARKS

The test results of the tost unit olosely cliecked the perform-
ance of crosgs-flow tubular intercoclers calculated Ffrom the equa=-
tlons derived from heat-transfer theory. Tho 1¢lative offects on
interccoler performance of various lntercocler dimensiona are
eanlly dotermined fram the design chorts presentod. The design
of an interccoler, whica heretofore inv~lved the uss of consider-
able test data and was a trial-and-error prcoess, is grootly
gimplified by a prcper correlation of the variables involved in
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the prosent analysis, The resulting design chartg show that the
power required in fcrecing the cooling alr and the charge through
a well-deaigned intercooler l1s amall, so that this power 1ls of
secondary lmportance to the weight, the slze, and the ruggedness
of constrretion o the interccoler. Amnual intercoolers with a
small number of tube bankas are slightly more efficient for a
glven power expenditure than intercoolers with & large number

of banks,
The performance c¢f a crose~flow tubular intercocler is

practlcally Independent of the fuel-alir ratio of the englne
charge at a charge outlel temperature of 140° F,

Langley Memorilal Aercnautical Laboratory,
Mational Advisory Committee for Aeronautics,
Langlsy Fleld, Va,
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